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Abstract 
The automated handling of electrodes for manufacturing lithium-ion battery cells for automotive applications is a bottleneck of the 
productivity. Current handling methods are hardly efficient enough due to the usage of sequential pick-and-place operations. One 
possible solution for significantly increasing the productivity of handling electrodes is waiving setting and resetting movements of 
handling devices through the utilization of a continuous process flow. The continuous process flow is based on the continuous 
grasping, moving, positioning and orientating of electrodes for the provision of assembling a z-folded electrode-separator-
compound for lithium-ion battery cells without setting and resetting movements. The presented design for moving, orientating and 
positioning electrodes is an integrant of an overall production system for assembling the electrode-separator-compound consisting 
out of grasping electrodes, unwinding separator and a subsequent continuous z-folding.  
 
Subsequent to the analysis of the requirements of an automated handling of non-rigid materials and specifically electrodes, a 
handling system is conceptually designed, prototypically realized and its performance is verified through various test series. The 
handling system requires a continuous input of single sheets of electrodes, which are initially not defined in terms of their individual 
orientation and position as well as their orientation and position in regard to their designated layer within the electrode-separator-
compound. The handling system is based on a highly dynamic tactile movement and correction mechanism using several counter-
rotating rolls with direct drives and an integrated sensor architecture for the real-time registration of orientation and position. 
Various test series are realized in which the process requirements of a damage-free handling and the handling accuracy 
simultaneous to the movement are registered and evaluated.  
 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The regulatory requirements of CO2 emissions push 
improvements of original equipment manufacturers (OEM) to 
enhance their activities in the electrification of drives. Until 
2021, OEM’s target to reduce their CO2 emissions by 25-30%. 
However, this will not be possible by solely improving 
powertrains and reducing the road load of vehicles. It is planned 
to bridge this emissions-gap through electric vehicles [1]. 
However, the hesitation of consumers to purchase an electric 
vehicle is based, among others, on the range limitations, an 
insufficient charging network and the high costs of batteries  
[2]. As a key element of electric vehicles, the battery takes up 
around 30-40% of the value creation during the vehicle 
production. Within the battery, around 60-80% of value 
creation is accounted for in the battery cell itself [3]. The cell 
manufacturing and its manufacturing processes are 
consequently put to the test with the objective to increase 
productivity, decrease manufacturing errors and consequently 
reduce manufacturing costs. 
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2. Manufacturing Lithium-Ion Batteries (LIB) 
The international competition of energy storage 
technologies for the automobile industry deals with different 
shapes of LIB. These shapes can be divided into three main 
groups: cylindrical, prismatic and pouch [4], see figure 1. 
These groups differ in terms of outer dimensions and inner 
structure. However, all shapes inherit at least one galvanic cell 
consisting out of positive and negative electrode, a separator 
material to separate the electrodes in order to prevent a short 
circuit and an electrolyte [5].  
The cell manufacturing process comprises the cutting of 
electrodes and separator material, the assembly of the inner 
structure, the so called compound, the packaging and the filling 
with electrolyte, the initial charging and the ageing as well as 
the final grading of the charged battery cell [4].  
 
Fig. 1. Shapes of LIB and their compounds 
2.1. Assembling the compound 
The inner structure of the LIB is characterized through the 
dimensions of the used materials and the process, with which 
the materials are processed. Whereas the cylindrical and 
prismatic cells use uncoiled strip electrodes and separator 
material to create the inner structure, the pouch cell uses single 
sheets of electrodes, which are stacked upon each other and 
physically separated by the separator [6]. Within the pouch cell, 
the separator can be transformed into a z-structure, in whose 
pockets the electrodes are placed or cut into single sheets of 
separator material [6, 7]. The performance for manufacturing 
the compounds can be compared according to the material 
feeding speed of the separator. Table 1 displays shows material 
feeding speeds for the single sheet stacking, the z-folding and 
the prismatic winding.  
Table 1. Manufacturing performances [8, 9, 10] 






Single sheet stacking 83 120 0.5 
Z-folding 129-132 81-83 0.72-0,74 
Prismatic winding 300-360 30-36 1,7-2 
 
The cell cycle time and the performance in cells per minute 
(cpm) is in reference to a 50Ah pouch cell for a Battery Electric 
Vehicle (BEV) [11] and the assumption of 15 cathodes, 16 
anodes and a total length of a pre-processed separator of around 
10m.  
2.2. Challenges and objectives 
The performance gap between the stacking and z-folding 
with the prismatic winding is constituted in the underlying 
procedure. The winding procedure is virtually continuous since 
the compound is manufactured through a single sequence of 
acceleration, upholding and the deceleration of the winding 
spindle rotation. The z-folding and stacking procedure require 
various sequential sequences for grasping, moving and placing 
electrodes to the joining site of where the compound is 
assembled [12]. The procedure is therefore discontinuous and 
the average material feeding speed for manufacturing an 
electrode-separator-compound is significantly lower than it is 
for the continuous winding procedure. This is one of the 
reasons, the manufacturing of the z-folded and the stacked 
compound is the bottleneck of the cell manufacturing [13].  
Because of the various sequential handling tasks, the 
currently available machinery for manufacturing the compound 
is considered to be inefficient and therefore jointly responsible 
for increasing the manufacturing costs [14]. Reducing the 
manufacturing costs involves quality procedures in order to 
reduce manufacturing errors [15], less expensive raw materials 
and consequently a significant increase in the performance of 
current manufacturing processes [13, 16]. The current state of 
the art concerning the performances for manufacturing the z-
folded structure, see table 1, calculates to a sheet cycle time of 
2,5s/electrode.  
However, increasing the cycle time of handling an electrode 
using industrial robots implies an increased and more rapid 
acceleration and deceleration of the heavy robot arms. This 
entitles the risk, that the surface-sensitive and non-rigid 
electrodes are being deformed and/or damaged [17]. 
Furthermore, the current handling solutions rely on a complex 
verifying and alignment procedure using camera systems in 
order to ensure a precise position and orientation of the 
electrodes. These procedures are most precise, if the object is 
steady in its state or traveling at low velocities only. Altogether, 
the conflict of objectives is the achievement of a fast verifying 
and alignment procedure, a low sheet cycle time and a damage-
free handling of electrodes.  
The German Engineering Association (VDMA), one of the 
largest industrial associations in Europe consequently defines 
the increase in productivity at manufacturing the compound as 
one strategic “red-brick-wall”. This wall is to be broken down 
by the development of innovative handling solutions, which 
avoid sequential handling operations [13] and are able to 
achieve a sheet cycle time of below 1s.  
3. Design of the handling system 
Changing the procedure for manufacturing the compound 
from sequential to continuous has already been identified by 
industry as being a promising option for increasing 
productivity [18, 19]. A conceptual development of a handling 
system prospectively being able to significantly increase 
productivity has been presented in [20]. In order to establish a 
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fully automated handling system, a robust technical design is 
established and the prototype is subsequently verified through 
various test series.  
3.1. Requirements 
 The concept is based upon a tactile movement mechanism 
using several counter-rotating rolls. Besides moving the 
electrodes at a minimum material feeding speed of 500mm/s, a 
correction movement of position and orientation has to be 
carried out simultaneously in order to establish a continuous 
process flow. The verifying and alignment procedure has to be 
integrated in the handling process and has to function while the 
electrode is in full material feeding speed. The position and 
orientation errors of electrodes exiting the handling system 
shall not exceed ±0,1mm [21]. In addition, and likely most 
important, the movement and the corrective motions at an 
average material feeding speed of 500mm/s are to be carried 
out without damaging or deforming the surface-sensitive and 
electrode. 
3.2. Input and output constraints 
The input constraints for electrodes entering the handling 
system with a defined velocity ݒாሬሬሬሬԦ are an undefined 
 
x orientation around the z-axis of ∆ϕ= within ± 6° 
x position in x-axial direction of ∆x= within ±50mm and  
x position in y-axial direction of ∆y= within ±7mm, see 
figure 2. 
 
Fig.2. Constraints for electrodes entering (1) and exiting (2) the handling 
system. Possible combination of input constraints (3), displayed as a 
transformed coordinate system (red vs. black) 
 
The rotational degrees of freedom around the y- and around 
the x-axis are constrained due to physical limitations of the 
handling system and are nonessential for consideration. 
Further, the mentioned input constraints will not occur singular 
and the handling system will be required to cope with a variety 
of constraint-combinations. The output constraints are 
congruent with industrial standards [24] and are a defined 
 
x orientation around the z-axis of ∆ϕ= ± arctan(0,1mm/LE) 
x position in x-axial direction of ∆x= ± 0,1mm and  
x position in y-axial direction of ∆y= ± 0,1mm. 
 
The output constraints are defined in relation to the 
placement accuracy required in the assembly of the compound. 
Irrespective of the fact, that anodes are slightly larger than 
cathodes and the intermediate separator layers are larger than 
the anodes [22], the output constraints are to be met every 
folding length Lf, see figure 3. 
 
Fig. 3. Meeting the output constraints 
3.3. Design and setup 
The concept consists out of four serial handling devices, 
which are positioned equidistant to one another and are 
bordered by an ultrasonic bearing, see figure 4.  
 
Fig. 4. Concept functionality and correction modes of the handling devices 
 
A handling system is designed to move, orientate and 
position either anodes or cathodes. Two handling systems are 
required to handle anodes and cathodes path-synchronous.  
The ultrasonic bearing comprises sonotrodes, which are 
designed in a sandwich-structure in order to limit the degrees 
of freedom of the electrode along the z-axis during handling. 
An entering electrode is guided into an approximate gap of 
0,5mm between the opposing sonotrodes due to their convex 
design and received by the first handling device. Each handling 
device comprises two opposing pairs of counter-rotating rolls.  
Figure 5 shows the setup of the prototype for handling 
electrodes. The top left depicts the entrance to the handling 
system with a wide convex opening of the sonotrodes as well 
as a single sensor as part of a broader sensor architecture. The 
top right shows the exit as well as a rear view of the fourth 
handling device, see figure 4. 
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Fig. 5. Entrance (t. l.) and exit (t. r.) and setup (bottom) of handling system  
 
The arrangement of the handling devices depicted in figure 
4 is constituted by the corrective motion sequences for ∆x, ∆y 
and ∆ϕ and explained following.  
3.4. Corrective motion sequences 
The handling devices have the task to move the electrode 
and to execute a corrective motion sequence in order to meet 
specific output constraints if necessary. The information 
required is collected through photo sensors, detecting the 
presence of an object and through laser sensors, which have a 
specific measuring range in order to detect displacements of the 
passing electrode. Each handling device relies on information 
provided by a set of sensors. The sensors detect the position 
and orientation of the electrode, the required compensation is 
calculated by the programmable logic controller by comparing 
the actual state of the electrode, i.e. the gravity of input 
constraints and their combination, with the target state, i.e. the 
output constraints.  
Fig. 6. Handling device 
 
According to the input constraints, three different corrective 
motion sequences are implemented within the logic controller 
of the handling system.  
 
x ∆x is a position error along the direction of motion (x-axis). 
The compensation is realized through the selective 
acceleration and deceleration of the counter-rotating rolls of 
a handling device superimposed to the movement of the 
electrode.  
x ∆y is a position error transversal to the direction of motion 
(y-axis). The compensation is realized through a crankshaft 
movement, shifting a single handling device within the 
handling system transversally superimposed to the constant 
movement of the electrode.  
x ∆ϕ is an orientation error around the z-axis. The 
compensation is realized through a crankshaft movement 
rotating a single handling device within the handling 
system, using the center of gravity between the pair of rolls 
as a rotational axis. The correction is superimposed to the 
constant movement of the electrode. 
 
The actuation point of the handling device lies in between a 
pair of opposing counter-rotating rolls. Two pair of opposing 
counter-rotating rolls result in two actuation points of one 
handling device. The actuation points of one handling device 
are in line with one another. The distance of the actuation points 
of two handling devices is slightly less than the length of an 
electrode, see figure 4. The distance deviation from the 
handling devices to one electrode length results in a rigid 
material transfer from one handling device to the next one. This 
system characteristic is reasoned in upholding the executed 
position and orientation corrections. However, this rigid 
material transfer implies that at specific point in time, two 
handling devices are simultaneously handling one electrode. 
To avoid deformation or surface-damage to the electrode, no 
corrective motion sequences are to be executed or still being 
executed while one electrode is being handled simultaneously 
by two handling devices. This length of simultaneous contact 
is following defined as LC. Furthermore, the material feeding 
speed of the two handling devices simultaneously handling the 
electrode need to be identical.  
The execution of the corrective motion sequences 
constitutes the arrangement of the handling devices in figure 4. 
The orientation offset ∆ϕ is detected at the beginning of the 
handling system. The first handling system is pre-orientated to 
the detected offset and reset to ∆ϕ=0 while the electrode is 
being moved at a constant velocity. However, the reset 
orientation has to be reached before the moving electrode 
arrives at the actuation points of the subsequent handling 
device in order to not be deformed. The corrective motion of 
the subsequent handling device relies on preceding registered 
sensor data. The counter-rotating rolls are able to execute a 
movement-superimposed correction along the direction of 
motion by accelerating or decelerating. The subsequent 
handling device three is designed to compensate errors along 
the y-axis. This error can be caused by preceding processes, 
e.g. the separating and accelerating of the electrodes. In 
addition to preceding processes, a ∆y-error can be cause by an 
executed ∆ϕ-correction. Since the handling device for 
executing a ∆ϕ-correction is pre-orientated, a temporary 
diagonal movement occurs until the corrective motion 
sequence of ∆ϕ has been executed. The fourth handling device 
is identical to the second one and is executing a ∆x-correction, 
if an x-offset is still registered at this point. If no position offset 
is registered, the handling devices will move the electrode at 
the constant material feeding speed ݒாሬሬሬሬԦ.  
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4. Verification 
In order to develop a competitive highly automated handling 
process for electrodes, the designed handling system needs to 
be verified for an accurate and damage-free handling process. 
4.1. Corrective motion accuracy 
 The drives of the handling system are dimensioned for a 
design point of ݒாሬሬሬሬԦ = 500mm/s. Simultaneous to ݒாሬሬሬሬԦ, the drives 
need to manage displacement corrections in the range of ∆x= ± 
50mm, ∆y = ± 7mm and/or ∆ϕ= ± 6°. The required dynamics 
of the drives are a function of the time frame available for the 
corrective motion tCM. The available time frame calculates from 
the total time of contact tT = ܮாȀݒா  between the actuation 
points of the handling device and the electrode, minus the 
amount of time tC resulting from the length LC of the 
simultaneous contact of two handling devices, resulting in tCM 
= tT – tC. LC is set to 0,05m at the beginning and at the end of 
the electrode, tC = ܮ஼Ȁݒா . Assuming LE=LC=const., tCM 
increases with a decrease of ݒாሬሬሬሬԦ. An increase of tCM results in 
further dynamic requirement to be met by the drives of the 
handling system.  
Fig. 7: Correction movement for ∆x= ± 50mm for ݒா=0,5m/s and 
 
 
Figure 7 shows an actual ∆x-correction movements for 
±50mm and a velocity of 500mm/s. The green graph displays 
a correction movement of ∆x=+50mm. The total time of 
contact for an electrode of LE = 300mm equals to tT = 0,4s and 
the time frame available for correction is tCM = 0,2s, since tC = 
2 x 0,1s = 0,2s. The selected servo drives provide a rated torque 
of 2.30Nm with a rated speed of 3000min-1 and a rated power 
of 0,72kW. 
Fig. 8: Accuracy of the ∆x-correction (15mm; 25mm; 50mm) 
 
 Several test series were performed to verify the correction 
movements and their accuracy. Figure 8 shows the position 
accuracy of ∆x [+50mm; +25mm; +15mm]. Further, a ∆y-
correction of ±7mm has been realized through various test 
series and verified in its accuracy for a material feeding speed 
of 500mm/s according to figure 9. The reachable repeatability 
– target position 0 - during the positioning of the electrode runs 
below the allowed tolerance by approximately factor 5.  
 
Fig. 9: Accuracy of the ∆y-correction (±7mm) 
 
Compensating an orientation error ∆ϕ around the z-axis 
through the crankshaft movement has not been fully verified 
yet. However, initial test series have already shown a promising 
dynamic and accuracy of the correction movement.  
4.2. Damage-free handling 
The roll-material used to realize correction movements is a 
polyester-urethane rubber (AU according to ISO 1629) which 
shows the properties of a high mechanical and chemical 
stability. Figure 10 displays macroscopic and microscopic 
surface characteristic before and after optimizing the handling 
process.  
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The macroscopic examination displayed distinctive surface 
transport marks, which were reason to an excessive normal 
force of the actuation points. The stress limit of the surface 
sensitive coating material was exceeded which led to 
compression, see figure 10, a. The microscopic influence of 
exceeding the stress limit during handling is displayed in figure 
10, c. However, the displayed accuracies of the correction 
movements, figure 8 and figure 9, were realized without 
damaging the surface, see figure 10, b and d.  
 
Fig. 10: Macroscopic (a, b) and microscopic (c, d) surface quality before 
(a, c) and after (b, d) improving the handling process 
5. Conclusion and outlook 
The development of an innovative handling solution for 
electrodes is an important step towards efficiently 
manufacturing LIB. Current manufacturing processes for 
assembling the electrode-separator-compound rely on 
sequential pick-and-place operations, which are limited in their 
possible dynamics by the inertial mass of the robot arms and 
the actuators. A possible solution for increasing productivity in 
handling electrodes is the utilization of a continuous process 
flow. The continuity is characterized by the continuous 
provision of orientated and positioned electrodes and the 
constant material feeding speed of the separator. Without 
generating secondary processing time through resetting 
movements of handling devices, the introduced process is able 
increase the productivity. Within this paper, a handling system 
for the tactile movement and the dynamic position and 
orientation of surface-sensitive and non-rigid electrodes has 
been introduced and prototypically realized. Various test series  
verified the position accuracy and the ability for executing a 
damage-free handling for a constant material feeding speed of 
ݒாሬሬሬሬԦ = 500mm/s, displaying an increase in productivity of more 
than 240% compared the current state of the art in handling 
large-scale electrodes within the z-folding process. 
Future work focuses on increasing ݒாሬሬሬሬԦ while maintaining or 
improving the position and orientation accuracy. Additionally, 
novel electrode materials need to be tested in order to estimate 
the impact, efforts and investments to the handling system. 
Furthermore, the handling system is to be integrated into a fully 
automated assembly process for manufacturing of z-folded 
LIB. Preceding process steps are the continuous grasping and 
separating electrodes from a stack and subsequent process steps 
are the jointing of electrodes to the moving separator as well as 
the continuous z-folding of separator material, e.g. [23]. The 
assembly of the compound is preceded by separating the 
electrodes using e.g. laser-cutting and succeeded by packaging 
the z-folded compound into a housing.  
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